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Abstract. We explore the impact of habitat fragmentation on interactions between keystone resources of
forest trees—oaks, genus Quercus (Fagaceae)—and an associated radiation of specialist cynipid gall wasps.
Habitat fragmentation is predicted to have bottom-up impacts on cynipid communities through impacts on
host plant quality (plant vigor hypothesis). We explored the bottom-up impacts on cynipid communities of
habitat fragment size, fragment edge effects and presence of isolated oaks. We quantified temporal and
spatial variation of leaves produced in the canopy to quantify plant vigor, and surveyed cynipid gall species
abundance and richness over three years using 15 permanent forest patches and 25 isolated oaks in a
fragmented oak woodland landscape in central Mexico. Cynipid gall abundance and species richness were
higher in isolated oaks and small woodland fragments than in larger ones. Cynipid abundance and species
richness were also higher along fragment edges in comparison with fragment interiors. This contrasts with
patterns observed in other taxa. In addition, host plant quality was higher in isolated trees, in smaller
fragments and along fragment edges. We therefore hypothesize that observed patterns in cynipid abundance
and species richness are driven by changes in host plant quality due to forest fragmentation. Our data
represent a baseline for longer-term monitoring of fragmentation effects at a landscape scale. Further work is
required to explore alternative potential explanations for observed patterns, including the estimation of
potential top-down impacts of fragmentation mediated by natural enemies.
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INTRODUCTION
Oaks (Quercus species) are dominant late
successional species in a wide range of habitats
and offer key environmental services (i.e., carbon
sequestration, energy production and water cycle
regulation) (Faivre-Rampant et al. 2011). Oaks
support characteristic and species-rich assem-
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blages of associated organisms, particularly
herbivorous insects (Tews et al. 2004, Tovar-
Sa´nchez and Oyama 2006a, b). Of these, the most
specialized include the cynipid gall wasps
(Hymenoptera: Cynipidae: Cynipinae). Each gall
wasp is specific to a single oak species or higher
taxonomic section (Nieves-Aldrey 2001, Stone et
al. 2009). For example, very few cynipids that
induce galls on white oaks (Quercus section
Quercus) also induce galls in other taxonomic
sections (e.g., red oaks, section Lobatae) (Abra-
hamson et al. 2003) and evolutionary shifts of
gall wasps between oak sections are extremely
rare (Stone et al. 2009). Cynipids are a useful
model system in examining patterns of insect
herbivore species richness and distribution due
to their species richness and host specificity
(Hayward and Stone 2005). An important feature
of some oak-cynipid systems is the ability of
some oak species to support very rich commu-
nities, providing considerable resolution for
analysis of habitat-associated changes in assem-
blage structure. Examples include Quercus turbi-
nella in North America, which supports 20
species of cynipids wasps and Quercus robur
and Quercus petraea in Europe, which support
more than 70 species (Fernandes and Price 1988,
Cso´ka et al. 2005). Such host plant species have
been called ‘‘super-hosts’’ (Arau`jo et al. 2013).
Here, we analyze oak cynipid assemblages
associated to ‘‘super-hosts’’ species to examine
the impact of habitat fragmentation on Mexican
oak communities.
In Mexico, oak forests have been highly
fragmented because of the great economic
importance of the trees (Valencia-A´valos and
Nixon 2004). Masera et al. (1997) have estimated
that 167,000 ha/yr of temperate forests are lost,
resulting in an annual deforestation rate of 0.64%
in Mexico. An extreme consequence of habitat
fragmentation is the isolation of individual trees,
which may then represent refuges and keystone
resources to herbivorous insects (Hanski and
Gilpin 1997, Tews et al. 2004, Manning et al. 2006,
Mu¨ller and Goßner 2007, Fischer et al. 2010).
Such isolated trees enhance the connectivity
among forest fragments and aid their regenera-
tion (Manning et al. 2006).
Specialized biotic interactions associated with
keystone resources are seriously affected by
habitat fragmentation (Tews et al. 2004, Wang
et al. 2005, Rodrı´guez-Cabal et al. 2010). Forest
fragmentation can modify the composition,
abundance and distribution of herbivores such
as gall inducing insects (Didham et al. 1996,
Chust et al. 2007, Ruiz-Guerra et al. 2010,
Kaartinen and Roselin 2011). In general, habitat
fragmentation affects herbivore diversity through
their biotic interactions (Tscharntke 1992, Did-
ham et al. 1996, Fagan et al. 1999) with natural
enemies (top-down effects) (Holt 1996, Stone et
al. 2002, Askew et al. 2013) and host plants
(bottom-up effects) (Tscharntke et al. 2002). Holt
(1996) developed models showing that higher
trophic level species such as parasitoids should
be more vulnerable to the effects of habitat
fragmentation than herbivorous insects due to
their higher requirements of energy and area in
the forest (see also Tscharntke et al. 2007). The
release of herbivores from top-down control in
habitat fragments can thus benefit local popula-
tions (Kruess and Tscharntke 1994). Gall wasp
populations are strongly influenced by top-down
effects (Stone et al. 2002), with most studies
showing high mortality through attack by
chalcid parasitoids (Moriya et al. 1989, Stone et
al. 2002, Askew et al. 2013). If top-down effects
have a strong impact on gall wasp community
structure, habitat fragments could support rela-
tively enriched gall inducer communities by
providing relatively enemy-free space.
Habitat fragmentation may also influence gall
inducer population and community dynamics
through bottom-up effects on host plant prefer-
ence (Yamasaki and Kikuzawa 2003, Ruiz-Guerra
et al. 2010) and quality. Habitat fragments
experience a suit of environmental changes,
which are even stronger along the fragment
edges (Saunders et al. 1991, Murcia 1995).
Certain plants are adapted to the conditions
provided by continuous forest (i.e., higher
humidity, lower temperature, photosynthetically
active radiation and wind speed) (Young and
Mitchell 1994, Chen et al. 1995). However,
changes in abiotic conditions due to fragmenta-
tion may be stressful for these plants (Fernandes
and Price 1988), reducing plant vigor (i.e.,
reduction in growth rate, and production of
leaves, shoots and reproductive structures) (Price
1991, Saunders et al. 1991, Prada et al. 1995).
Some studies show that gall inducing insects
prefer vigorously growing plants or plant mod-
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ules (e.g., leaves or shoots) (Price 1991, Preszler
and Price 1995, Cornelissen et al. 2008), hence, it
is expected that gall inducing insects are less
abundant or diverse in small patches if plants are
more stressed.
The effects of habitat fragmentation on popu-
lations of gall inducing insects are poorly known
(but see Chust et al. 2007) and few long-term
studies have analyzed gall inducing insect
interactions (Santos et al. 2008). Studies to date
show no consistent response of gall inducing
insects to habitat fragmentation; in some cases,
gall abundance increases with habitat fragmen-
tation (Wang et al. 2005, Chust et al. 2007), but in
others, no relationship has been found (Julia˜o et
al. 2004, Dunley 2009). High regional species
richness of oak gall wasps, combined with ease of
sampling make gall wasps a suitable taxon for
quantifying impacts of habitat fragmentation
(Kinsey 1937, Pujade-Villar et al. 2009, Nieves-
Aldrey et al. 2012). Our study documents biotic
interactions over three years. We studied the
spatial and temporal variation of gall wasp
diversity and plant vigor across oak fragmented
populations, to quantify the importance of
fragment size, edge effects and isolated oaks on
gall abundance and diversity in a fragmented
landscape in Mexico. We hypothesize that habitat
fragmentation will have a strong impact on gall
wasp community structure, where most frag-
mented habitats will support enriched gall wasps
communities. A second hypothesis proposes that
isolated oaks represent key resources for gall
wasps, having higher richness and abundance of
gall wasps in isolated trees than in forest
fragments. Finally, we expected that plant vigor
(canopy cover) will be negatively influenced by
habitat fragmentation affecting in turn gall wasps
diversity.
METHODS
Study location
This study was conducted in the Lake Cuitzeo
basin, a hydrological unit with an area of 4026
km2 located in Michoaca´n state, Mexico. It is
located in the physiographic province of the
Transmexican Volcanic Belt. The basin contains
the Lake of Cuitzeo with a wetland of approx-
imately 300 km2. The basin is representative of
the environmental and socioeconomic conditions
of central Mexico and has experienced strong
fragmentation resulting in a highly fragmented
landscape forming a mosaic of scrubland, forests
(mainly pine, oak and mixed forests) and
agricultural lands (Lo´pez et al. 2006). The basin
includes Morelia, the state capital of Michoaca´n
state, for which urban area grew six-fold between
1975 and 2000 (Lo´pez et al. 2001). Land cover
and land use change analyses indicate that the
period 1986–1996 was characterized by high
rates of deforestation and forest degradation
throughout the basin (Mendoza et al. 2011) due
to strong human pressures including urban
growth, expansion of the agricultural frontier
and the removal of trees for charcoal production
(Lo´pez et al. 2006, Aguilar et al. 2012, Castillo-
Santiago et al. 2013). Consequently, large contin-
uous oak populations have been reduced to a
many small patches of variable size.
Fragmentation of oak forests and selection
of sampling sites
Michoaca´n state has a very high deforestation
rate of approximately 1.8% per year over 18 years
(Bocco et al. 2001). Remaining oak forests in the
Lake Cuitzeo basin have previously been char-
acterized into 1241 fragments of different sizes
(Lo´pez et al. 2001). We selected 15 permanent
forest fragments which were divided equally
among three size categories: (1) five small (4 ha)
forest fragments; (2) five medium-sized (4–12 ha)
forest fragments; and (3) five large (.12 ha)
forest fragments. We also selected 25 individual
oak trees isolated by distances of at least 400 m
from surrounding forest (see Appendix: Fig. A1).
The oak species present at each sampling site are
shown in Table A1.
Study system and sampling
Cynipid gall wasps induce structurally com-
plex galls on various oak tissues (Hayward and
Stone 2005). Most oak gall wasp life cycles
involve strict alternation between two genera-
tions: a sexual generation gall develops in the
spring or early summer, while an asexual
generation develops during the summer and
autumn, usually during the same year (Stone et
al. 2002). Oak gall wasp taxonomy is problemat-
ic, and adults of the two generations are so
different morphologically that they have some-
times been described as different species, occa-
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sionally even in separate genera (Pujade-Villar et
al. 2001). Nevertheless, galls from each genera-
tion can usually be identified unambiguously on
the basis of characteristic morphology, location
on the tree and oak host taxon (Stone et al. 2002,
Stone et al. 2009).
Gall surveys were conducted monthly from
September 2007 to October 2010. At each study
site, we established two parallel 5 3 50 m
transects, one located on the fragment edge and
one in the fragment interior (average distance of
115 m from forest border). In each transect, we
recorded oak density and oak species richness. To
determine the effects of habitat fragmentation on
these measures, we used a generalized linear
model (GLM) analysis for each response variable,
using a Poisson error distribution and log link
function. An LSMeans test was used for a
posteriori comparisons (SAS 2000).
We recorded monthly cynipid gall abundance
and species richness on each individual oak tree.
Gall sampling incorporated the full height of
each canopy, through collection of three branches
from each of top, intermediate and bottom strata
of each tree, following Cuevas-Reyes et al. (2004).
We verified that each distinct gall morphology
collected was induced by a different gall wasp
taxon by rearing galls in the laboratory and
identifying the adult to genus and to morpho-
species. For ecological studies of gall inducing
insects, morphospecies has become an acceptable
substitute for species, assuming that each gall
morphospecies is unique to a particular gall
inducing insect (Stone and Scho¨nrogge 2003,
Cuevas-Reyes et al. 2004, Cuevas-Reyes et al.
2011). Gall wasps can then be identified on the
basis of their characteristic gall morphology,
location on the oak, and oak host taxon (Abra-
hamson et al. 1998, Stone et al. 2002, Stone et al.
2009). Samples of all gall species collected are
preserved in a dry collection at the Museo
Nacional de Ciencias Naturales, Madrid (Spain)
and the Laboratorio de Ecologı´a Gene´tica y
Molecular, CIEco, UNAM (Mexico), awaiting
formal taxonomic identification.
The surveys and analyses were separated into
spring and autumn generations on the basis of
phenology and wasp morphology to reduce
issues of non-independence associated with
having one or both generations of a single species
in the same analysis (Bailey et al. 2009). We used
a GLM to test differences in gall richness between
all oak species. To determine the effects of
fragment size and distance to the edge on gall
wasp species richness and abundance, we per-
formed a GLM. The model used a Poisson error
distribution and log link function. An LSMeans
test was used for a posteriori comparisons (SAS
2000). We also analyzed overall changes in
community composition in response to the
fragment size and isolated oaks using a permu-
tational multivariate ANOVA (Permanova; An-
derson 2005) for oak and gall wasp community
composition using species richness, McIntosh
diversity index and oak abundance or gall
abundance. To examine whether differences in
species richness of gall wasps between fragment
sizes were driven by differences in gall abun-
dance, we constructed rarefaction curves for each
fragment size and estimated cumulative species
per tree using EstimateS 9.1.0 (Colwell 2011).
Plant vigor.—Plant vigor was quantified as
numbers of leaves produced in the canopy
(Prada et al. 1995, Faria and Fernandes 2001).
This is probably an appropriate measure for gall
wasps, many of which induce their galls on these
organs or associated buds and shoots (Price 1991,
Fritz et al. 2003). In each transect, we marked the
adult trees of each species and in each survey we
classified leaf canopy cover according to the
proportion of trees in each of four production
categories: (1) 0%; (2) 1–25%; (3) 26–50% and (4)
51–100%, following Williams et al. (1997). We
used a GLM to determine the effect of fragment
size on plant vigor. The same analysis was
conducted to determine the differences in plant
vigor between transects. The analysis used a
binomial distribution and a logit link function. A
linear regression analysis was used to determine
the relationship between gall abundance and
percentage of canopy cover, for each fragment
size and isolated oaks.
RESULTS
General description of the oak-gall community
Over all fragment types (isolated oaks, small,
medium-sized and large fragments), we sampled
ten Quercus species. In total, our surveys incor-
porated 179 trees of five species in the white oak
section Quercus (Q. laeta, Q. obtusata, Q. desertico-
la, Q. magnoliifolia and Q. glaucoides) and 206 trees
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of five species in the red oak section Lobatae (Q.
castanea, Q. scythophylla, Q. candicans, Q. dyso-
phylla and Q. crassifolia). All except Q. crassifolia
hosted cynipid galls. Over three years, we
sampled a total of 5843 galls, comprising 1336
spring generation galls and 4507 autumn gener-
ation galls. We identified 105 distinct gall
morphotypes, of which 69 (65.7%) were induced
on leaves (14 spring and 55 autumn generations),
8 (7.6%) on leaf petioles (6 spring and 2 autumn
generations), 20 (19%) on stems (8 spring and 12
autumn generations), 7 (6.7%) on buds (all
autumn generation) and 1 (1%) on catkins (spring
generation).
Oaks species richness and host-plant density
Oak species richness did not differ significantly
among forest fragment size categories (v2 ¼ 0.4,
df ¼ 3, P ¼ 0.8) or between edge and internal
transects in each fragment (v2 ¼ 0.5, df ¼ 1, P ¼
0.9). Similarly, we found no differences in host
plant density among forest fragment size catego-
ries (v2 ¼ 0.04, df ¼ 3, P ¼ 0.9) or between edge
and internal transects in each fragment (v2¼ 0.08,
df¼ 1, P¼ 0.9). These results were supported by
Permanova analysis of oak communities, which
showed diversity, richness and density to be
similar between all fragments (Permanova: den-
sity: F ¼ 0.47, P ¼ 0.6; richness: F ¼ 0.8, P ¼ 0.4;
McIntosh diversity index: F ¼ 0.1, P ¼ 0.9).
Oak gall wasp diversity patterns
Oak gall wasp species richness differed among
oak species. Quercus obtusata, Q. castanea and Q.
deserticola may be considered ‘‘super-hosts’’
because they supported most of the gall species
richness (Table 1) and abundance (Table 2). Oak
gall wasp richness was significantly higher in Q.
obtusata (40 gall species), Q. deserticola (25) and Q.
castanea (33), in comparison with Q. candicans (8),
Q. scythophylla (8), Q. magnoliifolia (7), Q. glau-
coides (7), Q. dysophylla (2) and Q. laeta (2) (v2 ¼
46.1, df ¼ 8, P ¼ 0.0001).
We found a similar pattern of oak gall wasp
species richness in both gall generations (Fig. 1).
Isolated trees had higher gall wasp species
richness (spring: 2.7 6 0.3; autumn: 3.1 6 0.4)
than trees in small (spring: 1.7 6 0.2; autumn: 2 6
0.1), medium-sized (spring: 1.56 0.11; autumn: 2.1
6 0.2) and large (spring: 1.36 0.1; autumn: 1.586
0.1) forest fragments (spring: v2¼ 19.8, df¼ 3, P¼
0.0002; autumn: v2¼ 13.3, df¼ 3, P¼ 0.004). There
were no significant differences in gall species
richness between generations in each fragment
size (v2¼12.7, df¼1, P¼0.3) (Fig. 1A). Gall species
richness was higher in fragment edges (spring: 1.6
6 0.1; autumn: 1.73 6 0.08) than in fragment
interiors (spring: 1.9 6 0.16; autumn: 1.43 6 0.1)
(spring: v2¼ 16.43, df¼ 1, P¼ 0.013; autumn: v2¼
11.21, df ¼ 1, P ¼ 0.02). Both gall generations
showed similar contrasts between fragment edge
and interior (v2¼ 0.98, df¼ 1, P¼ 0.4) (Fig. 1B).
Table 1. Differences in oak gall wasp species richness in oak ‘‘super-hosts’’ species. GENMOD procedure (SAS
2000) was applied for modelling log function to each plant species. Different superscript letters after values
indicate significantly different means. Values in boldface show the maximum for each oak species and metric.
Values shown are means with 1 SE in parentheses.
Host plant Isolated trees Small fragments Medium-sized fragments Larger fragments v2 P
Q. obtusata 13.3A (60.8) 5.1B (60.9) 2.4C (60.9) 1.6C (60.7) 8.1 ,0.04
Q. castanea 12.7A (61.2) 5.2B (60.5) 3.5C (60.5) 1.1C (60.5) 28.3 ,0.001
Q. deserticola 10.8A (60.8) 4.8B (60.6) 4.1B (60.7) 1.8C (60.5) 11.9 ,0.007
Table 2. Differences in oak gall wasp abundance in oak ‘‘super-hosts’’ species. GENMOD procedure (SAS 2000)
was applied for modelling log function to each plant species. Different superscript letters after values indicate
significantly different means. Values in boldface show the maximum for each oak species and metric. Values
shown are means with 1 SE in parentheses.
Host plant Isolated trees Small fragments Medium-sized fragments Larger fragments v2 P
Q. obtusata 26.8A(64) 8.1B (61.3) 8.1B (61.3) 5.1C (61.6) 16.2 ,0.005
Q. castanea 21.3A (65) 17.1B (63.0) 5.1C (64.0) 4.9C (63.0) 21.1 ,0.0001
Q. deserticola 23.3C (69) 45.3B (66.0) 9.8C (63.0) 5.3D (67.0) 4.2 ,0.03
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Gall abundance (Fig. 2) was higher in isolated
oaks (spring: 21.39 6 25; autumn: 41.0 6 5) than
on trees in small (spring: 14.0 6 6; autumn: 7.45
6 2.6), medium-sized (spring: 7.1 6 2.0; autumn:
14.25 6 3.5) and large forest fragments (spring:
4.8 6 2.1; autumn: 7.7 6 2.6) (spring: v2 ¼ 1567,
df¼ 3, P¼ 0.0001; autumn:v2¼ 174.6, df¼ 3, P¼
0.0001). Isolated trees also showed higher abun-
dance of autumn generation than spring gener-
ation galls (v2 ¼ 9.4, df ¼ 1, P ¼ 0.003) (Fig. 2A).
As for species richness, gall abundance was
higher in fragment edges (spring: 10.77 6 1.7;
autumn: 13.19 6 1.6) than in fragment interiors
(spring: 6.6 6 2; autumn: 7.8 6 1.4) (spring: v2¼
31.6, df¼1, P¼ 0.0001; autumn: v2¼359.3, df¼1,
P ¼ 0.0001), again with no difference in pattern
between gall generations (v2¼ 5.5, df¼ 1, P¼ 0.5)
(Fig. 2B).
These results were supported by Permanova
analysis, which showed gall community diversi-
ty, abundance and richness in each generation to
be higher in isolated oaks and small fragments
than in larger forest fragments (Abundance:
spring: F ¼ 4.7, P ¼ 0.004, autumn: F ¼ 8.5, P ¼
0.001. Richness: spring: F¼ 3.2, P¼ 0.05, autumn:
F ¼ 11.3, P ¼ 0.03. McIntosh diversity index:
spring: F ¼ 6.8, P ¼ 0.01, autumn: F ¼ 11.6, P ¼
0.001). Rarefaction curves showed that the
observed differences in cumulative species rich-
ness persisted even when samples were rarefied
to similar abundances of individuals (Fig. 3).
Plant vigor
We found significant differences in oak tree
vigor (as measured by leaf canopy cover) among
fragment size classes. Leaf production was
significantly higher in isolated oaks (69.7 6 3.5)
in comparison with small (48.3 6 1.2) medium-
sized (45.9 6 1.4) and large fragments (44.1 6
1.1) (F ¼ 21.3, df ¼ 3, P ¼ 0.0001). We also found
Fig. 1. Impacts of fragment size and interior/exterior transect location on gall species richness, by generation.
(A) Effects of fragment size, including isolated oaks. (B) Comparison between interior and edge transects in each
fragment. Untransformed data are shown.
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Fig. 2. Impacts of fragment size and interior/exterior transect location on gall abundance, by generation. (A)
Effects of fragment size, including isolated oaks. (B) Comparison between interior and edge transects in each
fragment. Untransformed data are shown.
Fig. 3. Rarefaction curves plotting the number of species of gall wasps vs. the number of galls sampled.
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differences in oak organ production between the
interior and the edge of the fragments. Leaf
production was higher at fragment edges than
interiors (F¼ 10.67, df¼ 3, P¼ 0.001). Finally, we
found a positive relationship between gall
abundance and percentage of canopy cover only
for isolated trees (F¼ 37.4, R2¼ 0.61, P¼ 0.0001).
No relationship between gall abundance and
percentage of canopy cover was observed in
small fragments (F ¼ 3.2, R2 ¼ 0.12, P . 0.05),
medium-sized fragments (F¼ 4.8, R2¼ 0.04, P .
0.05) and large fragments (F¼ 2.2, R2¼ 0.06, P .
0.05).
DISCUSSION
We found that both gall wasp species richness
and abundance increased with habitat fragmen-
tation. Gall wasp species richness and abundance
were also higher along fragment edges that in the
interior. Most strikingly, isolated oaks supported
high gall wasp richness and abundance, and can
thus be seen as key resources for cynipid survival
and reproduction in a fragmented landscape
(Chust et al. 2007, Mu¨ller and Goßner 2007).
Our results are initially counterintuitive, and
contrast with the predictions of Holt’s (1996)
model and patterns observed in other herbivore
systems (e.g., Ruiz-Guerra et al. 2010). Landscape
fragmentation reduces the connectivity between
patches, diminishing richness of organisms living
in smaller patches due to higher rates of
extinction, and reducing occupancy in the most
isolated sites through low rates of recolonization
(Hanski 1999). However, the extent and spatial
scale of predicted fragmentation effects depend
not only on structural connectivity, but also on
the dispersal ability of the study species (Hanski
1999, Driscoll and Weir 2005). Species with low
dispersal ability are more severely affected by
fragmentation, and are the first to lose the ability
to recolonize as habitat fragments become
smaller and more isolated (Thomas 1995). Gall
wasps, however, include highly dispersing spe-
cies, and can spread a long way very quickly in
air currents, even across unfavourable habitats
(Hough 1951, Stone and Sunnucks 1993, Nieves-
Aldrey 1995, Scho¨nrogge et al. 2011). In this way,
isolated oaks analyzed in our study, can promote
the persistence of different gall wasp species
along a fragmented landscape. For these reasons,
we propose that oak gall wasps may have
relatively high probability of locating isolated
habitat fragments and isolated trees (Dauber et
al. 2005). Higher frequency of encounter may
also explain the high gall wasp abundance and
richness at fragment edges in comparison with
their interiors.
Studies that have analyzed the importance of
isolated oaks on insect diversity consider them
islands because they increase the survival of
herbivore specialists (Chust et al. 2007, Mu¨ller
and Goßner 2007). In general, isolated trees are
considered keystone resources because of their
ecological importance relative to their low
abundance and the small area occupied (Man-
ning et al. 2006). In tropical and temperate
systems, isolated trees provide numerous eco-
logical functions across fragmented landscapes
(Ozanne et al. 2000, Manning et al. 2004). For
example, canopy invertebrate arthropods, birds
and mammals can all depend on isolated trees as
a food resource, shelter or nesting site (Tews et al.
2004, Manning et al. 2006). Our study found
isolated oaks to maintain the highest gall wasp
diversity, suggesting that these trees represent
keystone resources for gall wasps that contribute
to their survival and reproduction in the frag-
mented landscape of the Lake Cuitzeo basin.
Fragmentation and host plant quality
An important finding of our study is that
habitat fragmentation strongly influences host
plant quality. Host quality, in terms of abundance
of gall induction sites (leaves, and inference
associated buds and petioles), was highest in
isolated trees and in smaller forest fragments
relative to larger fragments and along fragment
edges relative to their interiors. We observed a
similar pattern, though unquantified, for oak
stems, which are also gall induction sites. We also
found a positive relationship between gall
abundance and canopy cover in isolated oaks.
These patterns in host plant quality are entirely
concordant with the observed patterns in gall
wasp abundance and species richness. Even
though we have not demonstrated the cause
and effect relationship, the patterns observed
across this set of fragments are consistent with
strong bottom-up effects of host plant quality on
cynipid wasp abundance and species richness
(Price 1991, Preszler and Price 1995). One
v www.esajournals.org 8 March 2015 v Volume 6(3) v Article 31
MALDONADO-LO´PEZ ET AL.
possible explanation for the observed variation in
plant quality may be the effect of environmental
stress resulting from habitat fragmentation (Fer-
nandes and Price 1988). Changes in abiotic
conditions in forest fragments are particularly
pronounced at forest edges (i.e., increased solar
radiation, increased air temperature, decreased
air humidity and increased wind speed) (Young
and Mitchell 1994, Chen et al. 1995, Kapos et al.
1997). These changes could physiologically stress
arboreal species in fragmented habitats, and
cause trees to promote more frequent flowering,
fruiting (Aldrich and Hamrick 1998), leaf pro-
duction (Lovejoy et al. 1986, Sundarapandian
and Swamy 1999) and leaf shedding (Sizer and
Tanner 1999). For example, Magrach et al. (2014)
indicated that some plant species show compen-
satory responses to habitat fragmentation involv-
ing demographic effects, and changes in plant
defenses and regrowth rates. Alternatively, frag-
mentation may confer benefits; for example,
isolated trees are free of competition from
neighboring conspecifics or other species. Plant
vigor may increase after disturbance because the
timing of leaf abscission, leaf expansion and
production is altered in these environmental
conditions (Trombulak and Frissell 2000, Karban
2007).
Taken together, these host plant changes result
in a greater abundance of gall induction sites for
oak cynipids in isolated oaks, small fragments
and forest edges. In addition, gall inducing insect
radiation is expected to happen in harsh envi-
ronments (e.g., xeric conditions) (Price et al. 1998,
Cuevas-Reyes et al. 2004) since dry condition is
known to be associated with gall richness (Price
et al. 1998). Specifically, edge effect can reproduce
similar conditions to those found in more xeric
habitats (Fernandes and Price 1988) explaining
the higher gall inducing insect richness (Murcia
1995, Arau`jo et al. 2011). Stressed plants can also
produce higher concentrations of chemical de-
fense (e.g., tannins) (Mu¨ller et al. 1987, Stone et
al. 2002), which decreases the frequency of other
herbivores, predators and fungi and creates an
enemy-free space for gall inducing insects (Fer-
nandes and Price 1988, Fleck and Fonseca 2007).
Therefore, habitat fragmentation can favor the
colonization and maintenance of gall inducing
insects in comparison with other insect guilds
(Ruiz-Guerra et al. 2010, Kaartinen and Roselin
2011). Some studies have shown a ‘‘crowding
effect’’ that is a relatively positive effect of
fragmentation on insect population density (De-
binski and Holt 2000). After habitat fragmenta-
tion, insect populations may disperse to adjacent
fragments, resulting in a local increase in
population density (Debinski and Holt 2000,
Grez et al. 2010) in small fragments that have a
larger edge proportion (Fagan et al. 1999, Grez et
al. 2010). Our results suggest a ‘‘crowding effect’’
of gall wasp community, in the remaining habitat
as small fragments and isolated oaks.
Two further points need to be made. First,
alternative correlated factors may have caused
the observed patterns in gall communities. For
example, habitat fragmentation may have influ-
enced cynipid diversity through top-down effects
mediated by natural enemies such as parasitoids
or lethal inquilines, which can inflict high
mortality on gall wasp populations (Stone et al.
2002). In small or isolated habitat fragments,
phytophagous insects increase population densi-
ties when they are released from top-down
control (Kruess and Tscharntke 1994, Roland
and Taylor 1997). High trophic levels such as
parasitoids are more affected by habitat frag-
mentation than herbivores (Kruess and
Tscharntke 1994, Davies et al. 2000). According
to theoretical (Holt et al. 1999) and empirical
studies (Kruess and Tscharntke 1994, Thies and
Tscharntke 1999), the main factors are that: (1)
Parasitoids are more sensitive to habitat frag-
mentation than their hosts, because they can only
colonize patches already occupied by their hosts
(Weisser 2000, van Nouhuys 2005); (2) Parasit-
oids have smaller population sizes and depend
more on recolonization processes because they
suffer more from frequent disturbances and their
populations are more likely to become extinct
(Pimm 1991, Lawton 1995, Holt et al. 1999); (3)
Habitat isolation will negatively affect parasit-
oids even on small spatial scales because they can
disperse less well than second-trophic-level
insects (Roland 1993). In this way, enemy-
imposed mortality falls in smaller or more
isolated fragments, resulting in ecological release
of oak gall wasp populations (Holt 1996, Chust et
al. 2007). If top-down forces have a strong impact
on gall wasp community structure, habitat
fragments could support relatively enriched gall
inducer communities by providing relatively
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enemy-free space. One testable explanation for
our results is that habitat fragmentation indirect-
ly affects cynipid diversity due to the decrease or
disappearance of natural enemy populations
(such as parasitoids and inquilines). Second, the
effects of habitat fragmentation on local patterns
of cynipid communities are likely to be indepen-
dent of patterns at larger regional scales (e.g.,
Cornell 1985), paralleling patterns that have been
seen in other galling herbivore communities
(Arau`jo et al. 2013). It remains to be seen whether
the patterns described for gall inducers differ
from those observed in other herbivore guilds
because of specific properties of gall-associated
communities (Ruiz-Guerra et al. 2010).
Oaks species as ‘‘super-hosts’’
In the literature, there is a lack of studies
showing that oak species can support many gall
wasp species (Fernandes and Price 1988, Cso´ka et
al. 2005). In our study, we found that three oak
species (Quercus obtusata, Quercus castanea and
Quercus deserticola) hosted 80 oak gall wasp
species between them, which have been called
‘‘super-hosts’’ (Arau`jo et al. 2013). The difference
in species richness among oak species is striking,
and the cause(s) of this variation require further
study. It remains to be seen whether high
diversity in these Mexican species reflects high
net rates of speciation by specialist lineages
associated with each oak, high rates of coloniza-
tion by independent lineages, or a combination of
both of these (Cook et al. 2002, Joy and Crespi
2007).
Given ongoing deforestation in the Lake
Cuitzeo basin, it is therefore crucial to determine
the critical fragmentation level (minimum frag-
ment size, maximum fragment separation) be-
yond which populations of component species
will collapse (Olson and Andow 2008). In
recently fragmented habitats, local diversity
may remain higher than the sustainable equilib-
rium value (supersaturation) (Boudjemadi et al.
1999), showing gradual decline in species rich-
ness with fragment age until this equilibrium is
reached (Eliason and Potter 2000, Ribas et al.
2005). Our study provides a 3-year baseline of
data collected using systematic and standardized
sampling, on which future sampling can build to
explore longer term changes in the oak gall wasp
community.
Our study shows the variety of effects that
habitat fragmentation exerts on remnant native
populations of oak gall wasp and their host
plants. We concluded that habitat fragmentation
affects gall wasp diversity and plant vigor, with
higher species richness, abundance and canopy
cover in small fragments and isolated oaks of the
Lake Cuitzeo basin, in comparison with larger
fragments. Similarly, we found a positive effect of
forest edge on gall richness and abundance and
plant vigor. Isolated oaks can be considered
keystone resources for maintaining of gall wasp
species diversity in a fragmented landscape in
Mexican temperate forests. Finally, in future
studies, it will be important to evaluate the
impact of ‘‘super-hosts’’ species in the insect
community associated in fragmented landscapes.
ACKNOWLEDGMENTS
The authors thank A. Go´mez-Tagle Ch. for his help
with the map. We thank Debra P. C. Peters and two
anonymous reviewers for their comments and sugges-
tions. We also thank Francisco Espinosa Garcı´a for his
comments. This project was supported by the graduate
program Doctorado en Ciencias Biome´dicas, Universi-
dad Nacional Auto´noma de Me´xico (UNAM) of Y.
Maldonado-Lo´pez. Y. Maldonado-Lo´pez received a
PhD scholarship from CONACyT (number 165050).
This project was supported by DGAPA–PAPIIT (UN-
AM) IN229803, IN208210, IN213113 to K. Oyama.
CONACYT 38550-V, CONACYT 2007-80943, SEMAR-
NAT-CONACYT 2004-C01-97 to K. Oyama, and
CONACYT 105755 to P. Cuevas-Reyes. J. L. Nieves-
Aldrey was supported in part by the research projects
CGL2009-10111 and CGL-2010-15786 funded by the
Ministry of Science and Innovation (subprogram BOS).
LITERATURE CITED
Abrahamson, W. G., M. D. Hunter, G. Melika, and
P. W. Price. 2003. Cynipid gall-wasp communities
correlate with oak chemistry. Journal of Chemical
Ecology 29:209–223.
Abrahamson, W. G., G. Melika, R. Scrafford, and G.
Cso´ka. 1998. Gall-inducing insects provide insights
into plant systematic relationships. American Jour-
nal of Botany 85:1159–1165.
Aguilar, R., A. Guilardi, E. Vega, M. Skutsch, and K.
Oyama. 2012. Sprouting productivity and allome-
tric relationships of two oak species managed for
traditional charcoal making in central Mexico.
Biomass and Bioenergy 36:192–207.
Aldrich, P. R., and J. L. Hamrick. 1998. Reproductive
dominance of pasture trees in a fragmented
v www.esajournals.org 10 March 2015 v Volume 6(3) v Article 31
MALDONADO-LO´PEZ ET AL.
tropical forest mosaic. Science 281:103–105.
Anderson, M. J. 2005. PERMANOVA: a FORTRAN
computer program for permutational multivariate
analysis of variance. Department of Statistics,
University of Auckland. http://www.stat.
auckland.ac.nz/mja
Arau`jo, W. S., G. R. Julia˜o, B. A. Ribeiro, I. Portes, A.
Silva, and B. B. dos Santos. 2011. Diversity of
galling insects in Styrax pohlii (Styracaceae): edge
effect and use as bioindicators. Revista de Biologı´a
Tropical 59:1589–1597.
Arau`jo, W. S., C. Scareli-Santos, F. A. G. Guilherme,
and P. Cuevas-Reyes. 2013. Comparing galling
insect richness among Neotropical savannas: ef-
fects of plant richness, vegetation structure and
super-host presence. Biodiversity and Conservation
22:1083–1094.
Askew, R. R., G. Melika, J. Pujade-Villar, K. Scho¨n-
rogge, G. N. Stone, and J. L. Nieves-Aldrey. 2013.
Catalogue of parasitoids and inquilines in cynipid
oak galls in the West Palaearctic. Zootaxa 3643:1–
133.
Bailey, R., K. Schoo¨nrogge, J. M. Cook, G. Melika, G.
Cso´ka, C. Thuro´czy, and G. N. Stone. 2009. Host
niches and defensive extended phenotypes struc-
ture parasitoid wasp communities. PLoS Biology
8:e1000179.
Bocco, G., M. E. Mendoza, and O. R. Masera. 2001. La
dina´mica del cambio de uso del suelo en Michoa-
ca´n. Una propuesta metodolo´gica para el estudio
de los procesos de deforestacio´n. Investigaciones
Geogra´ficas (Boletı´n del Instituto de Geografı´a,
UNAM) 44:18–38.
Boudjemadi, K., J. Lecomte, and J. Clobert. 1999.
Influence of connectivity on demography and
dispersal in two contrasting habitats: an experi-
mental approach. Journal of Animal Ecology
68:1207–1224.
Castillo-Santiago, M. A., A. Ghilardi, K. Oyama, J. L.
Herna´ndez-Stefanoni, I. Torres, A. Flamenco-San-
doval, A. Ferna´ndez, and J. F. Mas. 2013. Estimat-
ing the spatial distribution of woody biomass
suitable for charcoal making from remote sensing
and geostatistics in central Mexico. Energy of
Sustainable Development 17:177–188.
Chen, J., F. J. Franklin, and T. A. Spies. 1995. Growing-
season microclimatic gradients from clearcut edges
into old-growth Douglas-fir forests. Ecological
Applications 5:74–86.
Chust, G., L. Garbin, and J. Pujade-Villar. 2007. Gall
wasps and their parasitoids in cork oak fragmented
forest. Ecological Entomology 32:82–91.
Colwell, R. K. 2011. EstimateS: Statistical estimation of
species richness and shared species from samples.
Version 9. User’s guide and application. http://
viceroy.eeb.uconn.edu/estimates
Cook, J., A. Rokas, M. Pagel, and G. N. Stone. 2002.
Evolutionary shifts between host oak sections and
host-plant organs in Andricus gallwasps. Evolution
56:1821–1830.
Cornelissen, T., G. W. Fernandes, and J. Vasconcellos-
Neto. 2008. Size does matter: variation in herbivory
between and within plants and the plant vigor
hypothesis. Oikos 117:1121–1130.
Cornell, H. V. 1985. Species assemblages of cynipid gall
wasps are not saturated. American Naturalist
126:565–569.
Cso´ka, G., G. N. Stone, and G. Melika. 2005. The
biology, ecology and evolution of gall wasps. Pages
573–642 in A. Raman, C. W. Schaefer, and T. M.
Withers, editors. Biology, ecology and evolution of
gall-inducing arthropods. Science Publishers, En-
field, New Hampshire, USA.
Cuevas-Reyes, P., F. T. De Olivera-Ker, G. W. Fer-
nandes, and M. Bustamante. 2011. Abundance of
gall-inducing insect species in sclerophyllous sa-
vanna: understanding the importance of soil
fertility using an experimental approach. Journal
of Tropical Ecology 27:1–10.
Cuevas-Reyes, P., M. Quesada, P. Hanson, R. Dirzo,
and K. Oyama. 2004. Diversity of gall-inducing
insects in a Mexican tropical dry forest: the
importance of plant species richness, life-forms,
host plant age and plant density. Journal of Ecology
92:707–716.
Dauber, J., T. Purtauf, A. Allspach, K. Voigtlander, and
V. Wolters. 2005. Local vs. landscape controls on
diversity: a test using surface-dwelling soil macro
invertebrates of differing mobility. Global Ecology
and Biogeography 14:213–221.
Davies, K. F., C. R. Margules, and J. F. Lawrence. 2000.
Which traits of species predict population declines
in experimental forest fragments? Ecology 81:1450–
1461.
Debinski, D. M., and R. D. Holt. 2000. A survey and
overview of habitat fragmentation. Conservation
Biology 14:342–355.
Didham, R. K., J. Ghazoul, N. E. Stork, and A. J. Davis.
1996. Insects in fragmented forests: a functional
approach. Trends in Ecology and Evolution 11:255–
260.
Driscoll, D. A., and T. Weir. 2005. Beetle responses to
habitat fragmentation depend on ecological traits,
remnant condition and shape. Conservation Biolo-
gy 19:182–194.
Dunley, B. S. 2009. Reproduction of Byrsonima sericea
(Malpighiaceae) in Restinga fragmented habitats in
Southeastern Brazil. Biotropica 41:692–699.
Eliason, E. A., and D. A. Potter. 2000. Budburst
phenology, plant vigor, and host genotype effects
on the leaf-galling generation of Callirhytis cornigera
(Hymenoptera: Cynipidae) on pin oak. Environ-
mental Entomology 29:1199–1207.
Fagan, W. E., R. S. Cantrell, and C. Cosner. 1999. How
v www.esajournals.org 11 March 2015 v Volume 6(3) v Article 31
MALDONADO-LO´PEZ ET AL.
habitat edges change species interactions. Ameri-
can Naturalist 153:165–182.
Faivre-Rampant, P., I. Lesur, C. Boussardon, F. Bitton,
M. L. Martin-Magniette, C. Bode´ne`s, G. Le Provost,
H. Berge`s, S. Fluch, A. Kremer, and C. Plomion.
2011. Analysis of BAC end sequences in oak, a
keystone forest tree species, providing insight into
the composition of its genome. BMC Genomics
12:292.
Faria, M. L., and G. W. Fernandes. 2001. Vigour of
dioecious shrub and attack by a galling herbivore.
Ecological Entomology 26:37–45.
Fernandes, G. W., and P. W. Price. 1988. Biogeograph-
ical gradients in galling species richness. Tests of
hypotheses. Oecologia 76:161–167.
Fischer, J., J. Stott, and B. S. Law. 2010. The
disproportionate value of scattered trees. Biological
Conservation 143:1564–1567.
Fleck, T., and C. R. Fonseca. 2007. Hipo´teses sobre a
riqueza de insetos galhadores: uma revisa˜o consid-
erando os nı´veis intraespecı´fico, interespecı´fico e de
comunidade. Neotropical Biology and Conserva-
tion 2:36–45.
Fritz, R. S., B. A. Crabb, and C. G. Hochwender. 2003.
Preference and performance of a gall-inducing
sawfly: plant vigor, sex, gall traits and phenology.
Oikos 102:601–613.
Grez, A., T. Zaviezo, L. Tischendorf, and L. Fahrig.
2010. A transient, positive effect of habitat frag-
mentation on insect population densities. Oecolo-
gia 141:444–451.
Hanski, I. 1999. Metapopulation ecology. Oxford
University Press, New York, New York, USA.
Hanski, I., and M. E. Gilpin. 1997. Metapopulation
biology: Ecology, genetics and evolution. Academic
Press, New York, New York, USA.
Hayward, A., and G. N. Stone. 2005. Oak gall wasp
communities: Evolution and ecology. Basic and
Applied Ecology 6:435–443.
Holt, R. D. et al. 1999. Trophic rank and the species-
area relationship. Ecology 80:1495–1504.
Holt, R. D. 1996. Food webs in space: an island
biogeographic perspective. Pages 313–323 in G. A.
Polis and K. Winemiller, editors. Food webs:
contemporary perspectives. Chapman and Hall,
New York, New York, USA.
Hough, J. S. 1951. The effect of wind on the
distribution of cynipid galls caused by Neuroterus
lenticularis Olivier. Journal of Animal Ecology
20:165–168.
Joy, J. B., and B. J. Crespi. 2007. Adaptive radiation of
gall-inducing insects within a single host-plant
species. Evolution 61:784–795.
Julia˜o, G. R., M. E. C. Amaral, G. W. Fernandes, and
E. G. Oliveira. 2004. Edge effect and species–area
relationships in the gall-forming insect fauna of
natural forest patches in the Brazilian Pantanal.
Biodiversity and Conservation 13:2055–2066.
Kaartinen, R., and T. Roslin. 2011. Shrinking by
numbers: landscape context affects the species
composition but not the quantitative structure of
local food webs. Journal of Animal Ecology 80:622–
631.
Kapos, V., E. Wandelli, J. Camargo, and G. Ganade.
1997. Edge-related changes in environment and
plant responses due to forest fragmentation in
central Amazonia. Pages 33–44 in W. F. Laurance,
R. O. Bierregaard, editors. Tropical forest remnants:
ecology, management, and conservation of frag-
mented communities. University of Chicago Press,
Chicago, Illinois, USA.
Karban, R. 2007. Deciduous leaf drop reduces insect
herbivory. Oecologia 153:81–88.
Kinsey, A. C. 1937. New Mexican gall wasps (Hyme-
noptera, Cynipidae). Revue de Entomologia 7:39–
79.
Kruess, A., and T. Tscharntke. 1994. Habitat fragmen-
tation, species loss, and biological control. Science
264:1581–1584.
Lawton, J. H. 1995. Population dynamic principles.
Pages 147–163 in J. H. Lawton and R. M. May,
editors. Extinction risks. Oxford University Press,
Oxford, UK.
Lo´pez, E., G. Bocco, M. Mendoza, and J. R. Aguirre.
2006. Peasant emigration and land use change at
the watershed level: A GIS-based approach in
central Mexico. Agricultural Systems 90:62–78.
Lo´pez, E., G. Bocco, M. Mendoza, and E. Duhau. 2001.
Predicting land-cover and land-use change in the
urban fringe. A case in Morelia city, Mexico.
Landscape Urban Planning 55:271–285.
Lovejoy, T. E., R. O. Bierregaard, A. Rylands, J.
Malcolm, C. Quintela, L. Harper, K. Brown, A.
Powell, H. Schubart, and M. Hays. 1986. Edge and
other effects of isolation on Amazon forest frag-
ments. Pages 257–285 in M. E. Soule´., editor.
Conservation biology: the science of scarcity and
diversity. Sinauer, Sunderland, Massachusetts,
USA.
Magrach, A., W. F. Laurance, A. R. Larrinaga, and L.
Santamaria. 2014. Meta-analysis of the effects of
forest fragmentation on interspecific interactions.
Conservation Biology 28:1342–1348.
Manning, A. D., J. Fischer, and D. B. Lindenmayer.
2006. Scattered trees are keystone structures –
implications for conservation. Biological Conserva-
tion 132:311–321.
Manning, A. D., D. B. Lindenmayer, and S. C. Barry.
2004. The conservation implications of bird repro-
duction in the agricultural ‘‘matrix’’: a case study of
south-eastern Australia. Biological Conservation
120:363–374.
Masera, O. R., M. J. Ordon˜ez, and R. Dirzo. 1997.
Carbon emissions from Mexican forest: current
v www.esajournals.org 12 March 2015 v Volume 6(3) v Article 31
MALDONADO-LO´PEZ ET AL.
situation and long-term scenarios. Climatic Change
265–295.
Mendoza, E. M., E. G. Lo´pez, D. Geneletti, D. R. Pe´rez-
Saliscrup, and V. Salinas. 2011. Analyzing land
cover and land use changes processes al watershed
level: a multitemporary studio en the lake Cuitzeo
wathershed Me´xico (1975-2003). Applied Geogra-
phy 31:237–250.
Moriya, S., K. Inoue, A. Oˆtake, M. Shiga, and M.
Mabuchi. 1989. Decline of the chestnut gall wasp
population, Dryocosmus kuriphilus Yasumatsu (Hy-
menoptera: Cynipidae) after the establishment of
Torymus sinensis Kamijo (Hymenoptera: Torymi-
dae). Applied Entomology and Zoology 24:231–
233.
Mu¨ller, J., and M. Goßner. 2007. Single host trees in a
closed forest canopy matrix: a highly fragmented
landscape? Journal of Applied Entomology
131:613–620.
Mu¨ller, R. N., P. J. Kalisz, and T. W. Kimmerer. 1987.
Intraspecific variation in production of astringent
phenolics over a vegetation-resource availability
gradient. Oecologia 72:211–215.
Murcia, C. 1995. Edge effects in fragmented forests:
Application for conservation. Trends in Ecology
and Evolution 10:58–62.
Nieves-Aldrey, J. L. 1995. Abundancia, diversidad y
dina´mica temporal de cinı´pidos en dos ha´bitas del
centro de Espan˜a (Hymenoptera, Cynipidae). Pages
113–136 in Comite´ Organizador del VI Congreso
Ibe´rico de Entomologı´a, editors. Avances en En-
tomologı´a Ibe´rica. Museo Nacional de Ciencias
Naturales (CSIC) y Universidad Auto´noma de
Madrid, Madrid, Spain.
Nieves-Aldrey, J. L. 2001. Hymenoptera, Cynipidae.
Page 636 in M. A. Ramos et al., editors. Fauna
Ibe´rica. Volume 16. Museo Nacional de Ciencias
Naturales, CSIC, Madrid, Spain.
Nieves-Aldrey, J. L., E. Pascual, Y. Maldonado-Lo´pez,
E. Medianero, and K. Oyama. 2012. Revision of the
Amphibolips species of Mexico excluding the ‘‘niger
complex’’ Kinsey (Hymenoptera: Cynipidae), with
description of seven new species. Zootaxa 3545:1–
40.
Olson, D., and D. Andow. 2008. Patch edges and insect
populations. Oecologia 155:549–558.
Ozanne, C. M. P., M. R. Speight, C. Hambler, and H. F.
Evans. 2000. Isolated trees and forest patches:
Patterns in canopy arthropod abundance and
diversity in Pinus sylvestris (Scots Pine). Forest
Ecology and Management 137:53–63.
Pimm, S. L. 1991. The balance of nature? Ecological
issues in the conservation of species and commu-
nities. University of Chicago Press, Chicago,
Illinois, USA.
Prada, M., O. J. M. Filho, and P. W. Price. 1995. Insects
in flower heads as Aspilia Foliacea (Asteraceae) after
a fire in a central Brazilian savanna: evidence for
the plant vigor hypothesis. Biotropica 27:513–518.
Preszler, R. W., and P. W. Price. 1995. A test of plant-
vigor, plant stress, and plant-genotype effects on
leaf-miner oviposition and performance. Oikos
74:485–492.
Price, P. W. 1991. The plant vigor hypothesis and
herbivore attack. Oikos 62:244–251.
Price, P. W., G. W. Fernandes, A. C. Lara, J. Brawn, D.
Gerling, H. Barrios, M. G. Wright, S. P. Ribeiro, and
N. Rothcliff. 1998. Global patterns in local numbers
of insect galling species. Journal of Biogeography
25:581–591.
Pujade-Villar, J., D. Bellido, G. Segu´, and G. Melika.
2001. Current state of knowledge of heterogony in
Cynipidae (Hymenoptera, Cynipoidea). Sessio
Conjunta d’Entomologia ICHN-SCL 11:87–107.
Pujade-Villar, J., A. Equihua-Martı´nez, E. G. Estrada-
Venegas, and C. Chagoya´n-Garcı´a. 2009. Estado
del conocimiento de los Cynipini (Hymenoptera:
Cynipidae) en Me´xico: perspectivas de estudio.
Neotropical Entomology 38:809–821.
Ribas, C. R., T. G. Sobrinho, J. H. Schoereder, C. F.
Sperber, C. Lopes-Andrade, and S. M. Soares. 2005.
How large is large enough for insects? Forest
fragmentation effects at three spatial scales. Acta
Oecologia 27:31–41.
Rodrı´guez-Cabal, M. A., M. A. Aizena, and A. J.
Novaroc. 2010. Habitat fragmentation disrupts a
plant-disperser mutualism in the temperate forest
of South America. Biological Conservation
139:195–202.
Roland, J. 1993. Large-scale forest fragmentation
increases the duration of tent caterpillar outbreak.
Oecologia 93:25–30.
Roland, J., and P. D. Taylor. 1997. Insect parasitoid
species respond to forest structure at different
spatial scales. Nature 386:710–713.
Ruiz-Guerra, B., R. Guevara, N. A. Mariano, and R.
Dirzo. 2010. Insect herbivory declines with forest
fragmentation and covaries with plant regeneration
mode: evidence from a Mexican tropical rain forest.
Oikos 119:317–325.
Santos, J. C., F. A. O. Silveira, and G. W. Fernandes.
2008. Long term oviposition preference and larval
performance of Schizomyia macrocapillata (Diptera:
Cecidomyiidae) on larger shoots of its host plant
Bauhinia brevipes (Fabaceae). Evolutionary Ecology
22:123–137.
SAS. 2000. Categorical data analysis using the SAS
system. SAS Institute, Cary, North Carolina, USA.
Saunders, D. A., H. J. Hobbs, and C. R. Margules. 1991.
Biological consequences of ecosystem fragmenta-
tion: A review. Conservation Biology 5:18–27.
Scho¨nrogge, K., T. Begg, R. Williams, G. Melika, Z.
Randle, and G. N. Stone. 2011. Range expansion
and enemy recruitment by eight alien gallwasp
v www.esajournals.org 13 March 2015 v Volume 6(3) v Article 31
MALDONADO-LO´PEZ ET AL.
species in Britain. Insect Conservation and Diver-
sity 5:298–311.
Sizer, N., and E. V. J. Tanner. 1999. Responses of woody
plant seedlings to edge formation in a lowland
tropical rainforest, Amazonia. Biological Conserva-
tion 91:135–142.
Stone, G. N., A. Herna´ndez-Lo´pez, J. A. Nicholls, E. di
Pierro, J. Pujade-Villar, G. Melika, and J. M. Cook.
2009. Extreme host plant conservatism during at
least 20 million years of host plant pursuit by oak
gallwasps. Evolution 63:854–869.
Stone, G. N., and K. Scho¨nrogge. 2003. The adaptive
significance of insect gall morphology. Trends in
Ecology and Evolution 18:512–522.
Stone, G. N., K. Scho¨nrogge, R. J. Atkinson, D. Bellido,
and J. Pujade-Villar. 2002. The population biology
of oak gall wasps (Hymenoptera:Cynipidae). An-
nual Review of Entomology 47:633–668.
Stone, G. N., and P. J. Sunnucks. 1993. The population
genetics of an invasion through a patchy environ-
ment: the cynipid gallwasp Andricus quercuscalicis.
Molecular Ecology 2:251–268.
Sundarapandian, S. M., and P. S. Swamy. 1999. Litter
production and leaflitter decomposition of selected
tree species in tropical forests at Kodayar in the
Western Ghats, India. Forest Ecology and Manage-
ment 123:231–244.
Tews, J., U. Brose, V. Grimm, K. Tielborger, M. C.
Wichmann, M. Schwager, and F. Jeltsch. 2004.
Animal species diversity driven by habitat hetero-
geneity/diversity: the importance of keystone
structures. Journal of Biogeography 31:79–92.
Thies, C., and T. Tscharntke. 1999. Landscape structure
and biological control in agroecosystems. Science
285:893–895.
Thomas, C. D. 1995. Ecology and conservation of
butterfly metapopulations in the fragmented Brit-
ish landscape. Pages 46–63 in A. S. Pullin, editor.
Conservation ecology of butterflies. Chapman and
Hall, London, UK.
Tovar-Sa´nchez, E., and K. Oyama. 2006a. Effect of
hybridization of the Quercus crassifolia 3 Quercus
crassipes species complex on the community struc-
ture of endophagous insects. Oecologia 147:702–
713.
Tovar-Sa´nchez, E., and K. Oyama. 2006b. Community
structure of canopy arthropods associated to
Quercus crassifolia 3 Quercus crassipes species
complex. Oikos 112:370–381.
Trombulak, S. C., and C. A. Frissell. 2000. Review of
ecological effects of roads on terrestrial and aquatic
communities. Conservation Biology 14:18–30.
Tscharntke, T. 1992. Fragmentation of Phragmites
habitats, minimum viable population size, habitat
suitability, and local extinction of moths, midges,
flies, aphids and birds. Conservation Biology
6:530–536.
Tscharntke, T., R. Bommarco, Y. Clough, T. O. Crist, D.
Kleijn, T. A. Rand, J. M. Tylianakis, S. van
Nouhuys, and S. Vidal. 2007. Conservation biolog-
ical control and enemy diversity on a landscape
scale. Biological Control 43:294–309.
Tscharntke, T., I. Steffan-Dewenter, A. Kruess, and C.
Thies. 2002. Characteristics of insect populations on
habitat fragments: a mini review. Ecological Re-
search 17:229–239.
Valencia-A´valos, S., and K. C. Nixon. 2004. Encinos. In
A. J. Garcı´a-Mendoza, M. J. Ordo´n˜ez, and M.
Briones-Salas, editors. Biodiversidad de Oaxaca.
Instituto de Biologı´a, UNAM-Fondo Oaxaquen˜o
para la Conservacio´n de la Naturaleza-World
Wildlife Fund, Me´xico.
van Nouhuys, S. 2005. Effects of habitat fragmentation
at different trophic levels in insect communities.
Annals Zoologici Fennicci 42:433–447.
Wang, R. W., C. Y. Yang, G. F. Zhao, and J. X. Yang.
2005. Fragmentation effects on diversity of wasp
community and its impact on fig/fig wasp interac-
tion in Ficus racemosa L. Journal of Integrative Plant
Biology 47:20–26.
Weisser, W. W. 2000. Metapopulation dynamics in an
aphid–parasitoid system. Entomologia Experimen-
talis et Applicata 97:83–92.
Williams, R. J., A. Myers, W. J. Muller, G. A. Duff, and
D. Eamus. 1997. Leaf phenology of woody species
in a north Australian tropical savanna. Ecology
78:2542–2558.
Yamasaki, M., and K. Kikuzawa. 2003. Temporal and
spatial variations in leaf herbivory within a canopy
of Fagus crenata. Oecologia 137:226–232.
Young, A., and N. Mitchell. 1994. Microclimate and
vegetation edge effects in a fragmented podocarp-
broadleaf forest in New Zealand. Biological Con-
servation 67:63–72.
v www.esajournals.org 14 March 2015 v Volume 6(3) v Article 31
MALDONADO-LO´PEZ ET AL.
SUPPLEMENTAL MATERIAL
APPENDIX A
Table A1. Oak species present at each sampling site.
Size fragments Site Oak species
Smaller fragments (4 ha) San Jose´ de las Torres Q. castanea
La Concepcio´n Q. deserticola, Q. obtusata, Q. castanea
Jesu´s del Monte Q. obtusata, Q. deserticola, Q. laeta
Cuanajo Q. castanea, Q. deserticola
Autopista Q. castanea, Q. magnoliifolia
Medium-sized fragments
(4–12 ha)
Canoas Q. deserticola, Q. castanea
San Jose´ del Rinco´n Q. castanea, Q. deserticola
Cepamisa Q. castanea, Q. obtusata, Q. deserticola
Teremendo Q. castanea, Q. deserticola
Acuitzio Q. castanea, Q. obtusata, Q. deserticola
Continuous forests (.12 ha) Ume´cuaro Q. castanea, Q. glaucoides
Ate´cuaro Q. castanea, Q. candicans, Q. magnoliifolia
Lagunillas Q. castanea, Q. deserticola, Q. laeta
San Miguel del Monte Q. laeta, Q. crassifolia, Q. scythophylla, Q. castanea, Q. obtusata
Chiquimitio Q. castanea, Q. obtusata, Q. deserticola
Isolated oaks Isolated oaks Q. deserticola, Q. castanea, Q. obtusata, Q. magnoliifolia, Q. dysophylla
Fig. A1. Field sampling sites. The study was conducted at 15 permanent sites within the Cuitzeo basin. We
selected the study sites accord to size fragments: (1) five smaller fragments (4 ha): San Jose´ de las Torres
(19.69745,101.060133), La Concepcio´n (19.70943,101.320383), Jesu´s del Monte (19.6506,101.168267), Cuanajo
(19.464917,101.494733), Autopista (19.63082,101.274083); (2) five medium-sized fragments (between 4 and 12
ha): Canoas (19.8593055, 101.2508333), San Jose´ del Rinco´n (19.867617, 100.779417), Cepamisa (19.63487,
101.2683), Teremendo (19.74455, 101.395217), Acuitzio ( 19.498786, 101.343967); and (3) five continuous
forests (.12 ha): Ume´cuaro (1954872, 101.260333), Ate´cuaro (19.6423, 101.2012), Lagunillas (19.62823,
101.430917), San Miguel del Monte (19.63211, 101.431752) Chiquimitio (19.76583, 101.27531).
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